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Economic and practical processes for recovering energy from solid 
waste were studied. Two promising fuels were identified - polymer gasoline 
and methanol. nominal 10-pound-per-hour pyrolysis system was 
constructed and tested. Preliminary cost analyses and studies of the effects of 
population and energy market value on fuel costs were also conducted. 
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SUMMARY 



p \, Part ” tlC Naval Wca P ons Center’s Total Energy Communitv (TEC) 

rogram the solid waste conversion effort involv d exploring processes for recovering 

Eni^sisT S °! ,d r C W ‘ liCh W0Uld bC PraCtical an(l economical on military bases, 
mobile power p^ant use" C ° nVerS, ° n ° f S ° Hd Waste and development of liquid fuels for 



Two promising fuels were identified polymr 
relim inary process How sheets for these fuels were dcve’ • 
energy conversion efficiency of 66% for polymer gasoline a 
be achieved. 



gaso'ine and methanol. 
v Tht se indicated that an 
nu 58% for methanol could 



Preliminary cost analyses were made for conversion facilities consisting of a 

yn el Poland T, vT™' “'H ^ “ Pyr °' ysis sys,em for Production of 

energy 1" ZTcZTJZ '° ^ " ° f P ° P “ la ‘ id " a " d 

operation "XT' i ' 0 -'' ol "' d - p er-itour ^lysis system was constructed and put into 
plndX.it r, '” S WerC " ,adC USin6 3 ^h^dded-paper feed at feed rates to ,0 



INTRODUCTION AND BACKGROUND 



Li lllc r ^overy of energy from solid waste is attractive because it addresses the 
problems of both waste disposal and cnetgy shortages, tnergy recove, y is paXulariy 

total fuel XT' n "'" ary baS 7 WhCrC transpor,ati on eosts add significantly the 
“ r “»*• &>ensy "“very from solid waste has been exploited in its simplest 
form for several yea.s by the Naval Station, Norfolk, Va There trash is burned X 
water-walled incinerator to produce steam ,n a 



incineration of solid waste for steam production is a viable option for some 

are rT T) W '" beC ° mC attractive to m °* b ^es as old oil and gas fired boilers 

ae rctued from service. Package boilers designed for solid waste combustion are 

becoming available and should be considered in modernization plans for 
steam-generating plants on military bases. P for 

hit?hpr "TT’i thiS particu,ar slud y was aimed at conversion of solid waste to a 
J" f ddt n f “ e ’ '• e ’’ gasoline or a suitable substitute. The objectives of this work 

were to (1) identify candidate fuels obtainable from solid waste (?) determine the 

aX'XXrciXoX C ° nVCrSl ° n t0 ,he candidale ^ls, «> establish the realistic yields 

the coXX„ p XX Pr0CeSSeS ’ (4)aSSKS a " d C ° mpare ‘ he ° y " a " comics of 
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SOLID WASTE CHARACTERIZATION 

Before it can he determined what fuels <->n h,. i • , r 

aSSCSSI ” cnl °< c °ip position of solid waste „ t rr ° m S °' il1 wasU ' 

from one geographical area to moH, i , rilc imposition varies 

purposes of this study. Tool oSJ 1-7., no dS , <* ^ For the 

laltve Of the diitii available at this time This'^av.^'"' fC " ‘° bc represcn - 
Table I. 1 ls tlvcra E , e composition is listed in 



slue, 1.1, !Xe r Wh^ H iS cT aP u„ am ’ t CarJb 7 ” MC " 1S 

cp!: , o ™ n by s ,!,e T :m , of r i,Ks ’ 

1,082 pounds “ctlrboTVlb pounds hTdron 74 s 0rK "’' C parl of solkl contains 

end 7 pounds sulfur. P hydrop '’"’ ^48 pounds oxygen. 27 pounds nitrogen. 



seasona^'aJ^X^ ‘ ^ ^ a,s0 ™*» "otl, 

per person per day was tinted S, "‘I "*"* rate of 5.3 pounds 

local Indian Wells Valley in Kern r T, tOrr0spond to estimates for the 

population of 2.7,000), they fall within "V ;i ' lornKI ; >rea (61 tons/day for a 

literature for other parts of Die count™ 2 a'T i° .. 8Cneratlon r;ites quoted in the 

Begin with the determination of generation rules an 5” ^ PUrUaiiar location should 
that specific area. feneration rates and composition of solid waste for 



energy impact 

in the into" S^e^' '^‘plnhd' i ZIVT™' 5 ^ ° f "" * 0,al «*«W NW 
by NWC ' a " d «« civilian popt'thL' °'sZn "" •“ 



RI- 742 S. STW *•*” UKM * PrrnlWV. 

,T‘“ C ; " S °“ W “" —-•••. M a 'ion’s Cities, „ 70 

K--8S49, u.s. d.;, „7L ;J™v:r:rLLzx k w>,, “ 4 R '" ew ° r 
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rABLH I. Characterization of Solid Waste 



Constituent 


Weight, % 


Value, $/to» 


Moisture 


27.0 





Ferrous 


5.5 


40 


Aluminum 


0.5 


300 


Non-ferrous 


0.2 


120 


Glass 


6.6 


7 


Organics 


60.2 





— icvciiuc irom inorganic 
frachon is J4.40/ton for raw refuse, 
tnergy content of raw solid waste is 9 
MBtu/ton. 



TABLE 2. Potential impact of Solid Waste as an Energy Source at NWC. 



Energy use at NWC 
(1972) 


Energy quantity, 
MBtu fl 


Energy in solid 
waste, 6 MBtu a 


Energy fraction 
available from 
solid waste 6 


Interruptible natural 
gas and No. 6 


5 1 1 ,000 


1 92,600 


0 38 


fuel oil 








Firm natural gas 
and propane 


487,000 




0.40 


Gasoline and diesel 
(military only) 


127,000 




1.52 


Electricity 


1,239,000 c 




0.16 


Total 

— L 


2,364,000 


i. 


0.08 



^ .. ...viuiHi uniia. 

solid wast. Sed ° n 4,500 B,U/lb ° f raw Solid was,e and l0 °* conversion of energy in 
33 % conversion efficiency from KW to KW 

t e ’ 
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CANDIDATE FUELS 



A brief review of any standard chemical engineering handbook reveals that in 
addition to gasoline, the fuels that should be considered for mobile power plants ’are 
the alcohols and perhaps benzene and some of its derivatives It is instructive to 

~ i ,SSCS I 0 ! fl r ClS f CriVablC fr ° m S ° lid W3Ste ’ namcly bons and 

; hols, figure 1 is a plot of volumetric energy content versus molecular weight for 

alkanes, alcohols, and some aromatic compounds. The same comparison on a 

sTot ^ureTT** ' h Fi f Ur K 2 , ThC b ° iling P ° int rangc of lhese compounds is 
n 1 igure 3, along with the boiling range for gasoline. 

a reDoJbVfhe 0 ! me - hy ' ^ f hyl a ' C ° ho1 as gasoline blendin g stocks is discussed in 
a report by the American Petroleum Institute.** Table 3, based partly on this report is 

a ist of several properties for these alcohols plus iso-octane and benzene The main 
arguments against the use of alcohols are based on unfavorable economics but the 
ecent rapid escalation of gasoline prices may invalidate this argument Benzene is a 
h value fuel because it can be used to increase the octane rating of gasoline when 
tetraethyl lead usage is reduced fo meet pollution standards. Purified methanol and 
benzene also have a considerable value as petrochemical feedstocks. An upper limit on 
the amount of each fuel type that can be obtained from solid waste can be established 
*“ h °" ^ composition of the organic material. This information is listed in Table 4 
on th P h h ^ constraints placed upon the conversion process. If yields are based 
o the hydrogen content of the solid waste, the amounts obtainable for the four fuels 
\ 'own m the first row. The carbon-limit values are based on using the water-gas 
shift reaction to produce additional hydrogen from excess carbon. Howeve7 if no 

hmriarionTT . S0Urcc . ,s ava, * abIe * the maximum yields are determined by ’energy 
limitations, as shown in the bottom row. From these rudimentary mass and energy 

rom' tTidTas? 0 ' T/owT Upper limits on the a ™“nt of fuels obtainable 

n so .d waste. However, other practical constraints in the process flowsheet reduce 

the achievable yields well below the theoretical maximum. Thlse pmet^- 

considerations are discussed in a later section of this report. 



GENERAL CONCEPTS IN CONVERSION 



Thus far, estimates of quantities of fuels based on elementary mass and enemy 
considerations have been made. The practical problem of how to effect the conversion 
from a so id material, which is primarily cellulose, to either a liquid hydrocarbon or an 
alcohol fuel remains to be discussed. It is helpful at this point to categorize available 
methods for extracting and converting the organic material into more useful forms. 

Publican' No. m2 (Au'S 1970. ^ A ' C ° h01 M ° ,0r GaS °' inC A ReVieW " A “ ^leum Institute. 
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FIGURE 3. Boiling Point Vi 'sus Molecular Weight (Ref.: Lange’s). 



.. ... ,° Ur . baslc processes (Physical, thermal, chemical, and biological) have been 

identified and are sufficiently distinct to permit differentiation as separate entities 
Ihese processes can be arranged in modular fashion, as shown in Figure 4, to show the 
sequence required to produce various fuel forms from solid waste. 

A physical process can be simple (coarse shredding) or complex (separation of 
raw trash into various fractions of metals, glass, and organics with perhaps secondary 
and tertiary shredding of the organic material). 

tnvrntv M thermal K Pr ° CeSS inV ? 1VCS addition of heat to bri "£ about decomposition 
(py O.ysis) or combination (polymerization) reactions, if an intermediate chemical or 

lab'* \ USCd . t0 A° nVert tr ° m ° ne com P° sitior 0 another, the process is arbitrarily 
eled chemical. An example of a chemical process is the catalytic synthesis of 
methanol from a mixture of hydrogen and carbon monoxide. 

A biological process involves the action of enzymes or bacteria in converting 

rom one chemical form to another. For example, the enzyme cellulase converts 
cellulose to glucose. 

Of course, only a few of the many possible combinations of processes are 
s own in figure 4, but many of the solid waste systems proposed and currently under 
deve opment can be traced on this simplified chart. 
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TABLE 3. Properties of Candidate Fuels. 





Iso- octane 


Methyl 

alcohol 


Ethyl 

alcohol 


Benzene 


Chemical formula 


C 8 H 18 


ch 3 oh 


c 2 h 5 oh 


C 6 H 6 


Molecular weight 


114 


32 


46 


78 


Carbon %, by weight 


84.0 


37.5 


52.0 


92 0 


Hydrogen %, by weight 


16.0 


12.5 


13 0 


8 0 


Oxygen %, by weight 
Heating value 


Nil 


50.0 


35.0 


Nil 


Higher, Btu/lb 


20,600 


9,600 


1 2,800 


18 200 


Lower, Btu/lb 


19,100 


8,650 


11, 500 


17 470 


Btu/gal (lower) 
Latent heat of 


110,900 


57,400 


76,150 


128,950 


vaporization, Btu/lb 


141 


474 


361 


169 


Specific gravity, 60° F 


0.696 


0.796 


0.794 


0 885 


Stoichiometric mass A/F ratio 


15.1 


6.45 


9.0 


13 


Boiling temperature, °F 


211 


149 


172 


176 


Octane No., research 


100 


106 


106 


Octane No., motor 


100 


92 


89 


1 10 


Density, Ib/gal 


5.8 


6.6 


6.6 


7.4 


Energy -Btu/lb air 


1,265 


1,340 


1,280 


1,320 


Relative mileage 
(based on Btu/gal) 


100%<ref.) 


51% 


68% 


116% 



TABLE 4. Theoretical Maximum Quantity of Fuels 
from Cne Ton of Dry Organic Solid Waste. 





Fuel, gal 


Octane 
C 8 H 1 8 


Methanol 

CH 3 OH 


Ethanol 

c 2 h 5 oh 


Benzene 

C 6 H 6 


Hydrogen limitation 


147 


164 


157 


240 6 


Carbon limitation 


194 


299 


246 


159 


Energy limitation^ 

Cl i c\r\m 


135 


261 


197 


116 



■ - " — ~ . 1 | 1 | 

“100% energy conversion. 

Additional carbon is required to use all of the available 
hydrogen. 



Assumptions: Dry organic fraction has empirical formula: 

C 6 H 9. 1 °3.1 N 0. 1 3 S 0.01 4 

Lower heating value of organic fraction is 7,500 B/lb 
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PYROLYSIS 



Ihe liquid fuels being considered by this study all require a pyrolysis stage to 
convert the organ.c solid waste to either synthesis gas or hydrocarbon gases 

the last Py few S ‘ten^ m '0 niC r iPal ^ T* WaS * eS haS reCeived considcrab1 ^ attention in 
nvrniv, f Y . ( ^ C also the report referenced as footnote 1). Very slow 

py y.is processes, using a large particle size (about 1-inch) feed, yield products 

Laboratories, Richland, Wa„ WaS ' CS ^ Pyrolys,s ‘ lnclncra,ion ”- Battelle Pacific Northwest 

no mT. Wes * — — 

Lores, *** « ^ Pyro,ySfe ” «*""* ° f «fcn* 

Paten, No. 3 , 846 , fccn^Of^ Garre " RCSCarCh ^ Dcvelo P n,cnt Company. 

■"* re. 

k. a jr zstzxz “ by ™— *—-••• 
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:i:z,rr ts 7 char - wa,er - "*"*»• 

produo l., 8 er amoltnls of „yd r0 ca,bons a L " ^sTof '“7 ( " SS *" an 1/8 <"*» 
and hydrogen The use nf -iir , Xpt Se °‘ C1ar ’ carbon monoxide, 

the feed riVl n-rS 7 T** «*"** *“ nartially oxidize 

hydrocarbon production It is a , P ro ysis ’ a PP cars to result in reduced 
on the method and condition of U ^ i ^ 7 prodllcts fonried a re more dependent 
Table 5. 011 ° f Pyrolys,s tl,an feed composition, as shown in 

Table f/'lTts^ nn °tl ‘7 7"°"* COmponents of dry or 8 a ™ solid waste arc shown in 
able ,. Based on this data, more realistic estimates were made on the upper limits of 

w'te Thes ""t 7’’ ^ b « that «■" be obtained fro7 sol'd 

was e. I hesc estimates are shown in the last four columns of Table 6 Yields of 

“n f r .7 ,hC a " ,0 " n,S 0f -O «*« monoxide Imidable^ 

. . 8 ‘ water-gas reaction to obtain more hydrogen as necessary Ethanol 

yields were based on the acid hydrolysis of ethylene. 

, , • ° Ctai Ti/ ICldS WCr ° bascd ° n the quantitics of all hydrocarbon compounds C, 

of hv r hC •7w tn ? nt ln thlS Case Was the h y dr °8 en / car bon ratio and the amount 

similar n77e7 ft ^ C ° 1 mpounds - YieIds for benzcne were obtained in a 

similar manner. It is apparent that the constraint of using pyrolysis products 

redUCeS thC amount of liquid that c^ be realistically obtained from 



SYNTHESIS 

. Iillsed on tbe abov c estimated yields, the two most promising solid waste fuel 

fuels'were 777 '7 P ° lymer gaso,ine - Thc Presses for conversion to these 
fuels wue studied in more detail and some of the findings are presented below. 

Methanol 



out Tl7 ,S n a,Kl 7"^ balanccs of ’ two Presses for making metlvnol were carried 
n The How sheets for the two processes are shown in Figures 5 and 6. Both 

processes use Imperial Chemical Industries low-pressure (750 psi) process to 
catalytic ally form methanol. However, they differ radically in the pyrolysis and 
syn lesis gas preparation steps. The low-pressure process was chosen for study because 
has a lower compression energy requirement than high-pressure processes. 

The amount of methanol in the synthesizer gas output is on the order of 2 5% 

*,,777 T yClln8 3 ' arge amoUnt of synthcsis per pound of methanol formed 
‘ ' 1 ny lnert 8 ascs > suc h as methane or nitrogen, slowly accumulate and 

decrease thc partial pressure of the reacting gases, thus decreasing methanol formation. 



11 



TABLE 5. Pyrolysis Product Composition Comparison 
Dried gas composition, mole % 
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FIGURE 5. Methanol Flow Sheet No. 1. 



Consequently, it is very important to minimize the amount of inert gases in th. 
Synthes, s gas stream The inert gases are maintained a. an acceptable level by p ling 
Stde reactions are minimized by the presence of excess hydrogen " 

me,hano?L„TetprtTred al as reaCti0n “ “* C °" VerSi0 " ° f Ce "" ,0SiC 



or 



C 6 H I0°5 + 3H 2°(C) -+ 4CH 3 OH^ + 2 C0 2 (endothermic) (| 



C 6 H 10°5 + 9/4 0 2 -> 2 1/2 CH 3 OH (C) + 3 1/2 C0 2 (exothennic) 



C 



ii. 



Series. 19^°' TechHobgy ° nd Chemical Engineering Progress Symposiun 
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FIGURE 6. Methanol Flow Sheet No. 2. 



There is a shortage of hydrogen in the process since cellulose has a hydrogen-to-carbon 
molar ratio of 1.67:1, while that of methanol is 4:1. Assuming the process must 
supply the hydrogen from water, carbon is consumed by the water-gas reaction 

C + 2 H 2 0 -* C0 2 + 2H 2 (3) 

These considerations lead to the conclusion that there will be excess carbon dioxide 
which, if not removed from the synthesis gas stream, will accumulate in the methanol 
synthesizer where it will promote side reactions. Accumulation of carbon dioxide will 
also decrease the methanol yield, since the equilibrium methanol composition increases 
with the cube of the hydrogen partial pressure, but only linearly with the carbon 
dioxide partial pressure. Since the compression of the synthesis gas consumes a very 
large amount of energy, it is imperative that the - cess carbon dioxide be removed at 
the lowest economically feasible pressure. The major difference between the two 
methanol How sheets is the method used to remove this excess carbon dioxide 






v. 
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f t ' n t llowsl ; ect 1 f-'igure 5), the eellulosic materials are pyrolyzetl in the presence 

methanol n ^ ^ ° f Carb °" dioxicle for ever y »<>ur moles of 

: r : c "r 8,1SeS are e °° 1Cd t0 l00 ° F *> condense out some of 

ater, then split into three streams: (1) pyrolysis reactor fuel nwi n\ , . 

combustion ( . C) engine fuel (22%) for process shaft work, and (3) synthesis gas" “ 

in onoe t ha n olam i ne 3 " ( MF A / ^scru Hser ^ to^rc ^ PSig ^ PaSSCd through a 

portion of the hydrogen sulfide. Following 77 thT synthes^gas stTeat is'clpressS 

,7 oVlc °\Z PO "" dS PCf POlN,d ° f me,h “° l The recycle compressor consumes 

Sr, a„Zer^e7To , i:a!^,:cZ S A ,4 r LHV,IJ “ d 

Tt,n 07 , es ' lhls ,s 1,11 e nergy conversion of 58% of the cellulose I HV 

The 42% waste energy is in the form of clean hot (18mnn°r/ , ,! ’ 

sum -- 

K ;,-v-T~rE 

lq. . The eellulosic feed is dried and ground to a very fine particle size F M,.j" 

short ySIS ' | S f 1Cn acconipilshed at a relatively low temperature (900°F) with a very 
, . resldc ' KC "me. This has been shown to produce a large amount of char carbon 

1T l,ydro6en ' and c;rbon 

»■*■» ssz. 2 ;,T: zs ;; 

condensed pyrolytic oil mid water are t> i 7™°** ° F PrOCCSS cncrgy ’ The 

pyrolysis un,T where heT are t bjecTcJ 1 in, ° 

atmosphere pressure. f ° r Several seeo,1(ls at abo ^ one 



1963. 



l2 Perry, Robert H. (cd.), Chemical Engineer’s Handbook, 4th Edition, New York, McGraw-Hill, p. 2 4-68, 



I3 r .. 



Company "S ££ ^Ns^SE, Zu* Kt.”' "" «« «—• - MM 
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The heat transfer medium in the second-stage pyrolysis unit is molten sodium 
carbonate, which catalyzes the required water-gas reaction and chemically reacts with 
and removes any hydrogen sulfide present in the synthesis gas stream. Since the 
pyolytic oil has a very low ash content, the immense carbonate recovery problem 
encountered with pyrolyzing high-ash-content raw cellulose is eliminated (see 
ootnote )). Although it would be tempting to operate this second-stage pyrolysis unit 
at elevated pressures to avoid compression of synthesis gases, higher pressures would 
favor the formation of some methane rather than the desired synthesis gas. Any 
* methane gases formed by the second-stage pyrolysis of the pyrolytic oil and water, are 

compressed to 750 psi and passed into the methanol synthesizer. Methanol is formed 
as previously discussed (see Figure 5). The hot stack gases and the second-stage 
pyrolytic ^gases are passed through heat exchangers to make steam. This 100 psig steam 
with 100 F superheat (435°F steam) is used to run small steam engines operating at a 
20% conversion of thermal energy to shaft energy. Steam rather than turbine engines 

T C . rC C ^nn Cn because of tllc low efr 'ciencies of turbine engines using steam at pressures 
below 300 psig (see pp. 24-74 of the report referenced as footnote 12). Again, waste 
heat could be utilized as hot air for space heating and/or cooling. 

co,, The 200 ° F stack gases are used to dry the feed. Feed containing as much as 
. 8 f by weight moisture can be dried in this manner. A small portion of the synthesis 
gas (0.06 pounds per pound of dry feed) is burned to provide additional process 
energy. For every pound of dry cellulosic material, 0 43 pound of methanol is 
produced. The energy conversion of this process is 53% based on the LHV. 

Polymer Gasoline 

Nearly all research in pyrolysis has shown that unsaturated hydrocarbons 
(olefins) are present to some extent in the pyrolysis gases. The amount of all 
hydrocarbons, other than methane (C 2 +), is calculated to vary from 13 (see 
footnote 5) to 600 (see footnote 10) pounds per ton of dry organic material. Very 
rapid pyrolysis at atmospheric pressure and high temperatures favors the formation of 
low molecular weight hydrocarbons and carbon dioxide, while at the same time 
decreasing the formation of hydrogen, carbon and water. Detailed chemical analysis of 
the C,+ hydrocarbons formed by pyrolysis shows them to be 84% by weight olefins 
(see footnote 1). This high degree of unsaturation is predicted from the relatively 
higher thermal stability of unsaturated compared to saturated hydrocarbons. 14 

This large olefin content in the hydrocarbon fraction of the pyrolysis gases 
could be utilized to make what the petroleum industry refers to as polymer gasoline. 
The basic research of polymerizing low molecular weight hydrocarbons to gasolines was 
performed in the 1930s. This research led to the successful commercial utilization of 
t e low molecular weight unsaturated hydrocarbons formed as a by-product in the 
pyrolysis (cracking) of crude oil to gasolines. 



Nelson, W. L., Petroleum Refinery Engineering , 4th Edition, New York, McGraw-Hill, p. 628, 1958. 
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The two major commercial processes for polymerizing the low molecular weight 

P oc"ss Tj s n 0 .l,r',dv t ' C , ""'T'! :md Cati " ytiC (ph ° S|,horic «<»• The phosphoric acid 
P -S has the advantages of lower pressure and lower temperature producing a 

aso me laving a motor octane of 84 and a blending octane value (BOV) of 115 but 

LficuTtv - Tl T n SU ! fide t0 niCrCaPtanS and P0,ymeri - S ^enc with relative 
y. The thermal process is more tolerant of hydrogen sulfide preferentially 
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. . le a^’ldy of the process to polymerize ethylene is quite 

by^Xis'onmsh 8 eStimated that Cthylene C ° mpnSeS 65 - 83% of olefins formed 

In pyrolysis gases formed at 1,650°F, C 2 + saturated hydrocarbons were ethane 
at 2.27, and butane at 13.6% by weight of the hydrocarbon fraction (see p. 10 of 
port referenced as footnote 1 ). These saturated gases will tend to accumulate in the 
polymerizer, although varying amounts of the butane are acceptable in the gasoline 

nlTfi ’h epCnd ! ng ° n 10 season - The saturated hydrocarbons may be converted to 
efins by pyrolysis at atmospheric pressure and about 1,550°F, and a very short 

reduces thtTolefin ylelV ° rder ° f ' CSS 4 Sec ° nds >' ^lysis at elevated pressures 

™ t. Tl ! e u Pyr ° lySis of ethane can result ^ a 90% by weight yield of ethylene based 

methane S^T and" T l j* reaC,i °" S during ,hc crackin S of ethane Produce 
methane ( 8/0 and, to a lesser degree, acetylene (2%). The yield of olefins from the 

pyrolysis of butane at one atmosphere and 1,300°F is also about 90% by weight 
although the olefin yield is considerably less at higher temperatures . 18 

The polymerization of olefins can proceed at atmospheric pressure and at 
tempera,,, on the order of 1,500‘F.'’ A, this temperature, the polymers formed arc 
unstable and rapidly decompose to form naphthenic tars and char by the elimination 

half a, r Znr Po ymenzat ' on under these conditions results in a product that is about 
hall aromatic gasoline with a boil-ng point beiow 392°F (75% benzene) and a 
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higher-boiling-point tar fraction containing large amounts of naphthenic hydrocarbons. 
It is recommended that hydrogen sulfide levels be kept below 1%. to minimize the 
formation of rubbery by-products. 20 

1 ower temperatures may be used to reduce the formation of tars, but higher 
pressures are needed to maintain the reaction rates. At 850°F and 500 psi, both 
ethylene and propylene polymerize to form liquids that are 807? gasoline with a CFR 
Research octane rating of about 80. The rate of ethylene polymerization is roughly 
twice that of propylene at these conditions. Increasing the pressure greatly increases 
the rate ot polymerization, at the expense of gasoline fraction and octane rating. For 
example, with ethylene, by increasing the pressure from 500 to 3,000 psi, the rate of 
liquid formation at 850°F is increased by a factor of about 10. However, the gasoline 
in the liquid product drops from about 75% to about 65%, and the octane rating 
drops from 78 to 63. The major advantage of the high pressure is a large reduction in 
the size of the polymerize unit (see p. 1076 of report referenced as footnote 16). 
With a mixture of two parts ethylene to one part propylene, a single-pass conversion 
of 78% of the olefins to liquids was achieved at 600 psi and 750°F. Tiiese liquids all 
boiled below 437°F (see p. 1059 of report referenced as footnote 18). The 10-90%. 
boiling range is about 115-350°F for gasolines and about 385-475°F for JP-5 (see p. 
34-49 of report referenced as footnote 14). 

The trash pyrolysis gases containing the highest reported hydrocarbon content 
were chosen to evaluate the feasibility of making polymer gasoline. Although this flow 
sheet is not complete, some preliminary findings are worth discussing. Based on the 
^2 + hydrocarbons being separated from the pyrolysis gases at high pressure and low 
temperature, it was calculated that more than sufficient energy was obtainable from 
combustion of the remaining gases to provide the heat of pyrolysis at a stack 
temperature of 1,800°F. In addition, there was more than sufficient fuel to use IC 
engines to power the shredder and to compress all the pyrolysis gases to 750 psi. The 
compression power requirements are considerably less for making polymer gasoline than 
methanol, since the energy required to compress the gases is roughly proportional to 
the volume or moles of gases compressed per weight of product. Compressing 1 mole 
of ethylene produces 28 pounds of polymer gasoline; compressing 1 mole of synthesis 
gas yields only 1 1 pounds of methanol. 

The methanol flow sheets involved a tradeoff between the amounts of synthesis 
gas used to meet process energy requirements and to produce methanol. However the 
polymer gasoline process apparently has a relatively lower power requirement and 
production will be constrained by the quantity of hydrocarbons in the pyrolysis gases. 
Based on this, at a 90%. conversion of paraffins to olefins and olefins to polymers (see 



20 C adman, W. A., “Thermal Treatment of Gaseous Hydrocarbons, 11. Semi-Industrial Production of Aromatic 
Hydrocarbons from Natural Gas in Persia”, Industrial and Engineering Chemistry, Vol. 26, No 3 p 315-320 
(1934). 
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P ' ' °*. rc P° rt referenced «s footnote 18), the prediction for poi>mer gasoline 
production is 0.18 pound of gasoline and 0.06 pound of fuel oils per pound of dry 
organic material (or 62 and 19 gallons per ton, respectively). This represents an enemy 
conversion of 66% based on the LHV. 



FLOW SHI FT COMPARISON 



The major difference between the two methanol flow sheets is the method of 
rejecting excess carbon dioxide from the synthesis gas. Both flow sheets resulted in 
nearly the same energy conversion, 58% versus 52%. This small difference is probably 
not significant in view of some of the uncertainties in the assumptions, e.g., the 
pyrolysis assumptions need further experimental verification. Major factors in the 
methanol pro ess inefficiency are (l)the highly endothermic heat of pyrolysis that is 
not recoverable as process heat in the exothermic methanol synthesis step, and (2) the 
very large power requirement for compression of the synthesis gases. At this time it 
appears the single-stage pyrolysis with scrubbing to remove excess carbon dioxide is 
more straightforward than the two-stage pyrolysis process. 



In contrast to the methanol flow sheet, the preliminary polymer gasoline flow 
sheet shows that (1 ) the desired pyrolysis to a large percentage of hydrocarbons 
requires less energy input than the pyrolysis to the minimal percentages desired for the 
methanol synthesis, and (2) less compression power is needed for polymer gasoline. For 
the assumed pyrolysis gases, the polymer gasoline process is limited by the C 2 + 
hydrocarbons content and not by process energy requirements (assuming that pyrolysis 
and compression are the major energy sinks as they were for the methanol process). 
The polymer gasoline process, although not finalized, appears to have an energy 
conversion of 66%. 

The preliminary polymer gasoline flow sheet is more promising than methanol 
in that a 14-25%, better energy conversion is predicted. Since polymer gasoline is a 
mixture of hydrocarbons, it would introduce no new corrosion problems and would be 
unquestionably interchangable with other gasolines. However, it should be pointed out 
that in engines with low efficiencies (about 14%,), up to 30% methanol may be added 
to gasoline with no decrease in miles per gallon (MPG) of fuel, 21 although other 
research has shown that a decrease in mileage can occur with certain engines as the 
alcohol content is increased 22 (see also footnotes 3 and 4). In a blending application of 
the synthetic product, a gallon of methanol may give as many miles as a gallon of 
gasoline. On a volume basis, 81 gallons of polymer gasoline per ton are to be 



21 , 



22 • , 

Wigg, E. E„ "Methanol as a Gasoline Extended: A Critique”, Science, 186, 785-790 (1974). 
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compared to about 136 gallons of methanol per ton, or 68% more gallons of methanol 
than polymer gasoline. It becomes very clear that if capital and operating ZTZ 
methanol and polymer gasolme are comparable, then selection of one process over the 

useVuld ^ be 0 to aS ext°d tl,e ° f thC fueI - F ° r n,cthano1 the intended 

by-moTt fuel 1 1 ,, 8 7 SlJPP ' ieS by blendin e- Pol y in ^ gasoline and the 

y product fuel oils would provide overall fuel system compatibility with no question 

seper. tion into gasoline and aqueous alcohol phases and would unquestionably 
maximize vehicle range per pound of fuel. ( y 

commerdaLed'fa'cT m f ethanoI / ind P oIymer gasoline is an accomplished and 

ommercialized fact, although from other synthesis gas sources. However the flow 

Xtest has ^ ,o ,hc — «■* ^ 



PRELIMINARY ECONOMIC ANALYSIS 



Preliminary economic analyses were performed for a solid waste facility having 
1 a front-end system for the separation of iron, aluminum, heavy metals, and glass 

V tem P V yS1S H SySteni t0 gasify the ° rganic fraction of the tr ash, and (3) a synthesis 
system to produce methanol suitable for use as a fuel. The chemical and petroleum 

plant cost is V be:t St ba I eH ed ^ f ° r preliniinary econojnic analyses, prediction of new 
P an cost is best based on previous cost of similar plants adjusted for differences in 

Plant sizes and inflation. A general rule of thumb is that the ratio of various plant 

costs is equal to the ratio of plant sizes raised to an exponent of 0.5-0 9 23 > 2P An 

exponent of 0.65 was chosen for plant cost extrapolation The use of too small an 

xponent residts in slightly higher estimated costs when extrapolating down to the 

wT,h SS P ex" r r„^ *rV S 7‘ h a " «■ to possible error 

is ad Med , ° f ,' '° n on lhe cost ° f building chemical plants 

adjusted through special cost indices developed for just such a purpose The 

o the M ZTeL !"r CX 7V SCd ' <TI,C Nelson R '' n " cr > Construction Index 
or he M and S Equipment Cost Index could have been selected instead with very 
small changes in the results of the analysis.) e,y 

. t rT. he fr ° nt ' end systeni chosen for extrapolation was developed by a current 
state-of-the-art review and does not actually exist at this time. The hypothetical system 
would process 500 tons of raw trash per day .» The value of Jla!Z matrS ™ 



(1968) 23Pe * erS ’ M S " et al " nM and Hconomics f° r Ct ‘ e >nical Engineers. New York, McGraw-Hill, p. 107. 

5, P. Tg 24 ?!^) C ' A " “ CUrrCm C ° nCePtS in Capi,ai C ° St Fo!ecastin e”- Chemical Engineering Progress, Vol 69, No. 
p. 1052 2 10 A 58 er (l5 a 7T) eS G '' et al " ,,TI ' e ECOn ° miCS ° f ReS0UICe Recovery from Municipal Solid Waste”, Science, 183, 
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sk /rocketing due to shortages of raw materials and fuel, but for this analysis the 
fol.owing values were assumed: the raw trash is 5.5% iron valued at S40 per ton; 0.5% 
aluminum at S300 per ton; 6.6 % glass at $7 per ton; 0.2% other nonfcrrous metals at 
5,1 per ton; and 27; moisture. No credit was taken for dumping fees, since this is 
extremely variable fron site to site. (The reader can easily take a specific dump fee 
into account, as will be discussed later.) 

The pyrolysis system chosen for extrapolation is based on a Stanford Research 
nstitute analysis of West Virginia University’s pyrolysis system (see footnote 6). 
Their analysis was for a plant size capable of processing 1,358 tons of raw trash per 
day (1,000 tons dry raw trash per day). The methanol synthesis section is based on 
the construction and operating cost of a plant capable of producing 500 tons of 
methanol per day, with an adjustment made for not needing a methane reformer nor a 
distillation column due to the relatively pure methanol product. This methanol 
synthesis section uses the fCl methanol technology and cost data. 27 

The results of the economic analyses are shown graphically in Figures 7-13 
while the detailed tabulated bases arc shown in Table 7. The plant site is assumed to 
operate 350 days per year. The effect of population size on the operating costs of a 
complete trash-to-methanol plant is shown in Figure 7 for various methanol values. As 
would be expected, the larger the population base (plant size), the lower the operating 
costs (or the greater the profit). The operating costs become much more sensitive for 
population sizes below about 60,000 since the minimum personnel force that can 
operate the plant has been reached. The operating costs take credit for the assumed 
values of recovered iron, aluminum, heavy metals, and glass and for the methanol 
produced, but do not take credit for a dumping fee. If the plant is paid a dumping 
fee ol two dollars per ton to dispose of the trash for 25,000 people, the break-even 

Zer ° C ° St) WOUld bc ad -* usted upward and result in the methanol costing 
$0. 38/gallon, ratiier than $0 40/gallon without the dumping fee. 

In Figure 8, operating costs are plotted using the energy value of the methanol 
as a parameter. For comparison, the delivered cost of gasoline to NWC in August 1974 
was $0. 42/gallon or about $3.65 /MBtu. 



Due to the inherently higher yield per pass and smaller compressor loads of the 
thermal polymerization process used in the polymer gasoline now sheet, the capital 
costs are expected to be about 20% lower than for the methanol system. Operating 

costs for the polymer gasoline process (Figures 9 and 10) were based on this 
assumption. 
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FIGURE 7. Net Operating Costs of Sv.id Waste Facility with Material Recovery 
mid Conversion of Organic Fraction to Methanol. 
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FIGURE 8. Net Operating Costs of Solid Waste Facility with Material 
and Conversion of Organic Fraction to Methanol. 
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FIGURE 9. Net Operating Costs of Solid Waste Facility with Material Recovery 
and Coi.vEtsic . of Organic Fraction to Polymer Gasoline. 
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FIGURE 10. Net Operating Costs of Solid Waste Facility with Material Recovery 
and Conversion of Organic Fraction to Polymer Gasoline. 
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FIGURE 13. Effect of Population on Total Capital Costs 
of Solid Waste Conversion Facilities. 
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TAB1.I-. 7. Explanation of Plant -Si /.c Scaling Bases. 



Item 


Front-end system^ 


Pyrolysis unit^ 


Imperial Chemical 
Industries' methanol 
synthesis^ 


Total capital investment (TCI), 








millions ol dollars 


2.42 


7.49 


7.34 


Capacity (raw trash), tons/day 


500 


1,358 


1,812 








■ (500 MeOII) 


Cost basis year 


1974 


1972 


1970 


Operating days per >car 


312 


312 


350 


Annual operating costs, % of TCI 








l,abor, 1 


0.12 


0.096 


0.02 


Utilities. U 


0.013 


0.0022 


0.0027 


Materials, M 


0.03 1 


0.029 


0.032 


General overhead = 1/2(1 +M) 


0.075 


0.0625 


0.026 


Fixed costs 








Amortization ol TCI over 25 years 








ai G.S'.f interest 


0.082 


0.082 


0.082 


Total operating costs/TCI 


0.321 j 


0.272 


0. 1 63 



^Scc footnote 26. 
1 See footnote 27. 



As expected, methanol has a lower net operating cost than polymer gasoline on 
a volume basis, while polymer gasoline appears more attractive on an energy basis. This 
type ot comparison highlights the need to determine the overall system feasibility of 
using methanol • < extending gasoline supplies. 

The net operating costs tor a substitute coal fuel are shown in figure II. This 
system consists of only a front-end system to separate the organic fraction from the 
metals and glass and shred to a particle size that can be conveniently fed into a boiler 
Combustion Equipment Associates, Inc. of New York markets a confetti-type solid 
waste called ECO- 1 (TM) fuel and a powdered solid waste fuel called ECO-II (TM). 
Both fuels are sold for $2.00/MBtu FOB Connecticut. This high cost is justifiable as a 
substitute coal because ot its low sulfur content. It is obvious from Figure I 1 that if 

coal-fired equipment is available, this option is economically attractive for smaller 
military installations. 

figure 12 presents the effect of population size on the operating costs for 
production of pyrolysis products. In preparing this graph, it was assumed that 80% of 
the energy in the solid waste was reclaimed in the fuel. However, Garret achieved only 
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60 '' conversion for the pyrolytic oil. Therefore, the energy value for No. 6 fuel oil 
(currently $2.1 0/MBtu at NWC) must be reduced by a factor of 0.75. Point A on the 
graph indicates the break-even population required (assuming no credit for dumping 
“ . for ; s,n V he Pyrolytic oil as a substitute for No. 6 fuel oil (at current prices to 
NWC ). Points B and C likewise correspond to the populations necessary to economically 
substitute high and low Btu gas, respectively, for natural gas, again using current NWC 
prices for non-interruptible gas (S0.98/MBtu) and interruptible gas ($0.69/MBtu). 

The capital investments required for each of the processes discussed above are 
plotted against population in Figure 1 3. 



LABORATORY SCALE PYROLYSIS UNIT 

A pyrolysis system was designed and fabricated to process a nominal 10 
pounds/hour of organic feed in a continuous mode at atmospheric pressure. A diagram 
o the system is shown in Figure 14, and a photograph of the system is presented in 
igure 15. The upper limit on pyrolysis temperature is about 950°C (about 1 750°F) 
depending upon mass flow rates through the reactor. The stainless steel vessel’ internal 
diameter is 3.75 inches and its internal length is 39 inches (0.2 ft 3 ). The nead is 
secured with eight 5/1 6-inch bolts and is sealed with a copper gasket. 
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FIGURh 15. Photograph of Lab -Scale Pyrolysis Unit lor 
Solid Waste Conversion. 



The solids feeding system is built around a 1-inch Vibra Screw unit. To ensure 
continuous feeding of shredded organic material, a rotating auger with tines is 
employed to force the materia! into the horizontal 1-inch auger. To ensure that the 
material will fall off the auger into the feeder head, a small bar was attached to the 
auger shaft This system has fed up to 18 pounds/hour of 1 /4-inch shredded paper. A 
set of four thin blades revolve at high speed to delitmp the material as it falls from 
the auger. The solids are then pumped into the reactor by the ejector action of the 
pressurized carrier gas. The carrier gas may be easily changed from the control room as 
desired. The solids are transported to the bottom of the reactor through a I /2-inch 
stainless steel pipe. A significant amount of heat transfer into the feed will or .tr 
within this pipe. The solids then emerge into the heat transfer medium which m. y be 
fluidized particles of char or “sand”, or molten salts. The pyrolysis gases and entrained 
particles of ash, char, and/or fluidizing medium leave the top of the reactor and pass 
through a short section of stainless steel pipe to a 15-inch diameter stainless steel 
cyclone separator having a volume of approximately 1 ft 3 . The solids are retained in a 
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receiving vessel at the bottom of the cyclone. After spending several seconds in the 
cyclone, the gases emerge at the top and pass through a series of air, icl water and 
( rV RC t00,td t0ndensers ' L,c l llld condensate is collected at each of these condensers. 

The non-eondensible gases then pass through an orifice meter providing 

fuci a «t n me» S <,Ua h tS ! t,VC ^ nteS and ° n thr0Ugh *° a Roekwel > Positive-displacement 

The Z r 1 ' S USe t0 Pr0V ' de trUC V ° IUme n ° w rate and total volume How 

mass florraTe o?th meterS “?* t0gether S ° that tlle aver »^ molecular weight and 

• Pew rate of the gases may be determined during the run by the use of a simple 

nomograph, even though the composition of the gases is unknown. 

An air ejector is used to pump the non-condensible gases. This helps to 

minimize the earner gas flow rate. The partially pre-mixed gases are then flarZf to 
prevent any possible hazardous accumulation of flammable and toxic pyrolyS gLs 

pyrolysistod°ule a h 1 "™' * rCm ° Ved W,le " the Sy ' lthesis modl " e is added ^ 
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